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ABSTRACT 

^ In  this  paper  we  present  an  analysis  of  a  unique  data  set  over  the  desert  area 
of  Saudi  Arabia  during  the  northern  summer  months.  The  data  set  comes  from  the 
GARP  Monsoon  Experiment.  The  analysis  reveals  a  unique  vertical  structure  of  the 
atmosphere  above  the  heat  low.  The  analysis  of  the  thermodynamic  data  reveals  that 
a  well -mixed  layer  extends  to  650  mb  during  the  day  and  a  stable  configuration 
exists  during  the  night.  Calculations  of  divergence  and  vertical  motions  show  • 
that  over  this  region  the  entire  troposphere  is  dynamically  active  with  strong 
descending  motions  above  a  surface  layer  about  1  km  deep  within  which  rising 
motions  are  found  during  the  day.  Descending  motions  extend  to  the  surface  at 
night.  A  description  of  the  vertical  distribution  of  the  short  and  lonawave 
radiative  processes  over  this  region,  based  on  detailed  aircraft  observations,  is 
included.  The  new  results  here  are  the  large  magnitudes  of  heating  by  solar 
radiation  (»6°C/day)  and  a  comparable  cooling  by  the  longwave  radiation.  The 
net  radiation  profile  in  the  day  exhibits  a  net  warming  in  the  middle  troposphere 
and  a  net  cooling  near  the  surface  layer.  This  contributes  to  stabilization  of  the 
mixed  layer. 

jThe  paper  addresses  the  thermodynamic  budget  over  the  heat  low.  We  examine 
the  role  of  the  horizontal  and  vertical  advective  processes,  radiative  processes, 
and  the  vertical  eddy  flux  convergence  in  the  maintenance  of  the  tropical  strati¬ 
fication. 

Satellite  observations  show  that  the  desert  area  experiences  a  net  loss  of 
radiation  to  outer  space,  while  the  thermal  stratification  remains  nearly 
invariant  from  one  day  to  the  next.  This  study  shows  that  a  crucial  element  in 
the  maintenance  of  the  stratification  is  the  import  of  heat  into  this  region  in 
the  tropical  upper  troposphere.  This  energy  supply  most  likely  comes  from  plane¬ 
tary  scale  divergent  circulations. 
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1.  Introduction 


The  thermodynamic  budget  of  the  heat  lows  over  the  desert  region  of  North 
Africa  and  Arabia  is  an  important  problem.  Charney  (1975)  emphasized  the  anomalous 
nature  of  the  earth's  radiation  budget  over  these  regions.  He  noted  that,  while  in 
general  the  net  incoming  minus  the  outgoing  radiation  is  positive  over  the  tropics 
and  negative  over  the  higher  latitudes,  a  major  exception  is  the  desert  regions. 

Here  the  satellite  measurements  show  that  the  net  outgoing  radiation  exceeds  the 
incoming  radiation.  The  vertical  stratification  of  temperature  and  humidity 
remains  nearly  invariant  from  one  day  to  the  next  (except  for  the  diurnal  component. 
Under  these  circumstances  the  mechanisms  for  the  maintenance  of  the  stratification, 
in  the  presence  of  large  energy  losses  at  the  top  of  the  atmosphere,  is  an  inter¬ 
esting  problem.  The  energy  balance  must  require  lateral  import  of  energy  from  the 
surrounding  regions  since  there  are  no  known  non-radiative  sources  within  these 
dry  desert  regions.  Moist  convective  heating  is  not  an  important  energy  source; 
the  dry  convective  heating  is  related  to  the  warm  soil  temperature  which  is 
determined  by  the  radiative  heat  balance  of  the  earth's  surface. 

This  study  addresses  the  following  issues  related  to  the  maintenance  of  the 
thermal  stratification  of  the  heat  low: 

a)  The  design  of  a  field  experiment  for  determining  the  mass  and  thermo¬ 
dynamic  budgets. 

b)  Analysis  of  data  sets  to  determine  the  observed  structure  of  the  heat  low. 

c)  Determination  of  the  depth  of  the  mixed  layer. 

d)  The  vertical  structure  of  the  divergence  and  vertical  motion  field. 

This  part  provides  information  on  the  vertical  levels  where  mass  flux  is  directed 
into  or  out  of  the  general  regions  of  the  heat  low. 

e)  The  thermodynamic  heat  balance  of  this  region  provides  information  on  the 
vertical  levels  where  energy  is  imported  to  maintain  the  thermal  stratification. 

The  study  also  addresses  the  differences  in  the  analysis  of  results  for 
daytime  observations  versus  those  made  around  the  early  morning  hours. 


3.  The  Field  Experiment 

The  field  experiment  was  conducted  during  the  summer  MONEX  Phase  (a  list  of 
acronyms  appears  in  Table  1)  of  the  Global  Experiment  in  1979.  The  experiment 
largely  consisted  in  the  enhancement  of  the  usual  World  Weather  Watch  data  sets 
with  those  obtained  from  a  sophisticated  research  aircraft,  the  NASA  CV990.  In 
addition,  the  data  sets  from  TIROS  N,  a  polar  orbiting  satellite,  provided  measure¬ 
ments  for  some  components  of  the  earth's  radiation  budget. 

The  NASA  CV990  flew  three  missions  over  the  Empty  Quarter  of  Saudi  Arabia 
following  the  general  flight  plan  shown  in  Fig.  1:  two  during  the  day  (9  and  10 
May  1979)  and  one  during  the  night  (12  May  1979).  The  pattern  was  chosen  to  cover 
the  largest  possible  area  subject  to  restrictions  of  fuel  range  and  fliqht  consi¬ 
derations.  In  Fig.  1  the  arrows  show  the  flight  direction  and  the  numbers 


1 


indicate  the  order  in  which  the  dropsondes  were  deployed.  Note  that  dropsonde  #2 
and  dropsonde  #10  were  launched  in  the  same  location  but  were  seDarated  in  time 
by  approximately  four  hours.  This  spacing  permitted  a  check  on  the  time  variation 
of  the  measured  parameters.  In  general,  the  launches  of  the  dropsondes  were 
spaced  to  avoid  signal  interference.  After  dropsonde  #3  was  launched  the  plane 
descended  in  a  stair-stepping  pattern  from  the  cruising  altitude  of  about  250  mb 
(11,000  m)  down  to  about  930  mb  (750  m  above  the  surface  of  the  desert)  before 
climbing  back  to  the  cruising  altitude  for  the  launch  of  dropsonde  #4.  During  the 
stair-stepping  pattern  onboard  measurements  were  made  at  the  various  altitudes 
of  the  upward  and  downward  irradiances  of  longwave  and  shortwave  radiation. 

Detailed  information  on  the  onboard  radiation  instrumentation  and  the  radiation 
data  sets  is  given  by  Ackerman  and  Cox  (1982). 

The  00Z  sea  level  pressure  distributions  for  9,  10  and  12  May  1979  are 
illustrated  in  Figs.  2a-c,  respectively.  The  surface  heat  low  is  centered  to  the 
south  of  the  flight  path  on  the  9th  and  10th  of  May  and  to  the  southeast  on  the 
12th  of  May.  Additional  surface  data  for  the  Empty  Quarter  is  scarce  as  the  only 
nearby  surface  station  is  Sheroara  which  is  about  150  km  south  of  the  flight  path 
(Fig.  1).  The  surface  pressure  and  temperature  as  a  function  of  time  is  shown 
in  Fig.  3  for  10  May  1979.  The  temperature  exhibits  a  strong  diurnal  variation: 

(1)  minimum  of  26°C  from  0300  and  0900  LST,  (2)  an  abrupt  increase  after  sunrise 
between  0800  and  0900  LST,  (3)  a  nearly  uniform  temperature  maximum  of  38°C  from 
1100  to  1700  LST,  and  (4)  a  slow  decrease  from  1700  LST  (just  before  sunset)  to 
0300  LST.  The  pressure  shows  a  strong  semidiurnal  variation:  (1)  a  maximum  of 
1013  mb  between  0800  and  1100  LST,  (2)  a  minimum  of  1008  mb  at  1600-1700  LST, 

(3)  a  secondary  minimum  of  about  1009  mb  between  2300  and  0100  LST.  The  pressure 
and  temperature  variations  are  similar  for  the  9th  and  12th  of  May.  Flight  times 
for  the  two  daytime  missions  (g  and  10  May)  were  centered  about  the  time  of  the 
surface  temperature  maximum.  For  each  daytime  mission,  a  comparison  of  data  from 
dropsondes  #2  and  #10  (Fig.  1),  separated  in  time  by  3.5  to  4  hours,  shows  little 
temporal  variation.  Therefore,  all  data  from  a  given  daytime  flight  are  treated 
as  being  synoptic  in  the  present  context.  On  the  other  hand,  an  early  morning 
flight  (12  May)  originated  at  0400  LST,  and  ended  around  1000  LST.  Discernible 
differences  in  all  dropsonde  data  taken  before  and  after  sunrise  were  noted. 
Comparison  of  data  from  dropwindsondes  #2  and  #10  (launched  before  and  after 
sunrise,  respectively)  show  considerable  differences.  For  this  reason  only  the 
pre-sunrise  data  (prior  to  0700  LST)  are  treated  as  nighttime  data,  and  the 
remaining  observations  for  these  data  are  not  considered  in  this  stvdy.  The 
parameters  measured  by  the  dropwindsondes  are  horizontal  winds,  temperature, 
pressure  and  relative  humidity.  The  onboard  instruments  provided  winds,  tempera¬ 
ture,  relative  humidity,  altitude,  pressure,  and  the  upward  as  well  as  the  down¬ 
ward  long  and  shortwave  irradiances.  No  differentiation  is  made  between  onboard 
and  dropsonde  data.  (For  a  more  complete  summary  of  the  objectives  and  experiments 
of  Summer  M0NEX,  see  the  Summer  M0NEX  Field  Phase  Report,  1981.) 


3.  Analysis  of  the  Data  Sets 

The  analysis  of  the  data  for  temperature,  horizontal  winds,  and  relative 
humidity  proceeds  as  follows:  The  location  of  each  point  is  given  in  terms  of 
latitude  and  longitude  which  are  converted  into  an  orthogonal  x,  y  coordinate 
system  with  its  origin  at  15°N,  42°E.  The  area  considered  is  the  trapezoid 
extending  from  42°E  to  60°E  and  from  15°N  to  30°N.  The  atmosphere  between  1000  mb 
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and  200  mb  is  divided  into  eight  layers,  each  100  mb  thick  and  each  datum  point  is 
assigned  to  the  appropriate  layer.  The  number  of  data  points  in  each  layer  for 
each  mission  is  indicated  in  Table  2;  all  data  points  in  a  layer  are  treated  as 
occurring  at  the  midlevel  for  that  layer.  Standard  multiple  linear  regression 
techniques  are  used  to  analyze  the  data  as  a  function  of  the  east-west  coordinate, 
x,  and  the  north-south  coordinate,  y.  For  example,  the  east-west  wind  is  expressed 
via  a  linear  regression: 

u.  =  a^x  +  b^y  +  c^  i  =  1,  2 . 8  (1) 

where  the  subscript  refers  to  the  layer  (1  is  the  layer  centered  at  950  mb).  The 
mean  value  for  each  parameter  is  determined  by  averaging  over  the  area  described 
above;  the  east-west  wind  in  Eq.  1  may  be  expressed  by: 

u7-  =  [u]i  +  u.*  (2) 

where  brackets  denote  the  area-averaged  value  and  the  asterisk  denotes  the  devia¬ 
tion  of  the  east-west  wind  from  its  area-averaged  value  over  the  area.  In  Table 
2  the  smallest  number  of  data  points  per  layer  occurs  for  the  mission  of  12  May 
1979  since  we  limited  the  data  to  the  pre-sunrise  hours.  For  this  mission  finer 
vertical  resolution  would  result  in  too  few  data  points  per  layer  for  the  satis¬ 
factory  application  of  the  multiple  linear  regression  techniques.  Furthermore, 
the  analysis  is  restricted  to  linear  regression  as  both  the  number  of  data  points 
per  layer  and  the  small  domain  size  do  not  justify  considering  quadratic  or  higher 
order  regression. 


4.  The  Thermal  Structure  and  the  Depth  of  the  Mixed  Layer 

In  this  section  we  shall  describe  the  vertical  structure  of  the  thermal  field 
over  the  Saudi  Arabian  desert.  For  this  purpose  we  require  a  representative 
measure  of  the  horizontal  area-averaged  potential  temperature.  This  is  accomplished 
by  an  analysis  of  the  potential  temperature  via  the  linear  regression  and  a  sub¬ 
sequent  averaging  over  the  domain  (42°E,  60°E,  15°N,  30°N).  The  resulting  mean 
potential  temperatures  for  the  three  missions  are  illustrated  in  Fig.  4  together 
with  the  potential  temperature  profile  of  the  U.  S.  Standard  Atmosphere  at  15°N. 

For  completeness,  the  surface  values  are  plotted  from  the  Sheroara  station  for 
each  sounding.  The  potential  temperature  profiles  for  the  9  May  and  10  May  missions, 
are  for  the  same  time  of  day,  differ  less  than  2  K  at  all  levels  and  by  less  than 
1  K  at  most  levels.  However,  compared  to  the  potential  temperatures  for  either 
daytime  mission,  those  for  the  12  May  missions  are  cooler  above  300  mb  and  below 
900  mb  and  up  to  2.5°  K  warmer  at  levels  in  between.  Above  750  mb  and  below 
300  mb,  the  potential  temperature  at  a  given  level  for  the  U.  S.  Standard 
Atmosphere  generally  lies  within  the  range  of  potential  temperatures  found  for 
the  three  missions.  We  also  noted  that  between  500  and  550  mb,  the  potential 
temperatures  for  all  four  profiles  were  within  1/2  K  of  each  other.  This  implies 
that  the  diurnal  change  is  quite  small  in  the  middle  troposphere.  The  largest 
variations  in  potential  temperature  occur  in  the  lowest  levels  and  at  the  surface. 
The  minimum  nighttime  temperature  at  the  Sheroara  station  is  10-15  K  cooler  than 
the  maximum  daytime  temperature,  reflecting  the  expected  diurnal  variation  (see 
Fig.  3).  The  ground  surface  or  the  soil  temperature,  as  measured  by  onboard 
instruments,  shows  even  larger  diurnal  fluctuations  of  about  25  K.  On  the  12  May 
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mission  we  watched  the  onboard  printout  of  the  ground  temperature  as  the  sun  rose. 
Within  45  minutes  it  changed  from  the  pre-sunrise  value  of  24°C  to  48°C,  an 
increase  of  1/2°C  per  minute.  Aside  from  the  diurnal  variations,  below  750  mb 
the  atmosphere  above  the  Empty  Quarter  is  considerably  warmer  up  to  12  K  at 
950  mb  --  than  the  U.  S.  Standard  Atmosphere  as  would  be  expected  for  the  atmos¬ 
phere  above  a  large,  hot  desert. 

During  the  day  and  above  the  surface  layer  at  night,  the  potential  tempera¬ 
ture  is  approximately  constant  up  to  650  mb,  indicating  a  well-mixed  layer  up  to 
this  level.  The  specific  humidity  (Fig.  5),  although  varying  on  different  days, 
also  indicated  a  well "mixed  layer  up  to  650  mb. 


5.  Vertical  Structure  of  Divergence  and  Vertical  Velocity 

The  magnitude  and  direction  of  the  horizontal  wind  for  the  May  9  mission  for 
various  locations  and  altitudes  are  displayed  in  Figs.  6a-h.  Similar  displays 
for  the  10  May  and  12  May  missions  are  shown  in  Figs.  7a-h  and  8a-h,  respectively. 
Several  features  of  the  analysis  are  of  interest.  The  cyclone  at  the  surface 
(Fig.  2a),  which  is  associated  with  the  intense  heatinq  became  anticyclonic  above 
800  mb.  Above  600  mb  we  note  passage  of  waves  in  the  westerlies  with  the  winds 
as  large  as  40  m/sec  in  the  upper  troposphere.  Kinematic  vertical  velocity  is 
derived  from  integrating  the  continuity  equation 


where  pn  is  the  surface  pressure.  The  horizontal  divergence  is  calculated  after 
the  eastward  wind  component,  u,  and  the  northward  wind  component,  v,  have  been 
analyzed  as  in  Section  3.  Thus, 

ui  =  aix  +  V  +  ci 


and 


'i  =  V  +  + 


f. 


1  =  1,  2, 


(4) 


yield  the  horizontal  divergence: 


V  •  v  =  a.  +  e. 


i  =  1,  2,  .  .  .  ,8 


(5) 


The  general  assumption  that  w(Pg)  =  0  and  u)(0)  =  0  requires  two  boundary  conditions 
which  cannot  be  satisfied  simul taneously  oecause  the  divergence,  calculated  from 
the  observations,  contains  experimental  errors.  To  handle  this  difficulty,  a 
correction  to  the  divergence  is  applied,  which  is  given  by  the  relation. 


$  *  v)c  =  ^  •  v)u  +  e 


(6) 


Here  we  assume  that  the  error  in  divergence  is  proportional  to  the  magnitude  of 
divergence.  This  is  a  standard  procedure  for  correcting  the  divergence;  the 
coefficient  e  is  given  by 
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(7) 


The  limits  of  the  integral  are  from  bottom  to  top  of  the  atmosphere;  e  is  a 
constant.  However,  this  simple  approach  for  the  determination  of  e  was  abandoned 
after  carrying  out  a  preliminary  analysis  of  the  heat  balance.  As  noted  earlier, 
we  found  that  the  time  tendency  of  potential  temperature  was  extremely  small  at 
500  mb.  Furthermore  this  level  lies  above  the  mixed  layer;  hence  we  expect  at 
this  level  large  scale  thermodynamic  balance  between  the  horizontal  and  vertical 
advective  terms  and  the  radiative  forcing.  This  observation  was  used  as  a  test 
of  the  aforementioned  divergence  correction.  We  noted  that  the  choice  of  single 
constant  value  for  e  did  not  provide  a  reasonable  balance  at  500  mb.  In  order  to 
overcome  this  difficulty,  a  two  parameter  approach  was  followed.  Here  we  let  e 
vary  linearly  with  pressure,  i.e., 

e.j  =  ap..  +  6,  i  =  1,  2,  ...»  8  (8) 

Two  constraints  are  required  to  determine  the  constants  a  and  B.  One  of  these, 
of  course,  is  a  requirement  that  the  vertically  integrated  divergence  vanish,  the 
other  constraint  is  to  require  that  thermodynamic  balance  at  500  mb  be  satisfied 
by  the  large  scale  advective  and  radiative  processes.  The  adjusted  vertical 
motions  satisfy  the  two  boundary  conditions, 

a)  =  0,  p  =  200,  1000  mb  (9) 

The  choice  of  p  =  200  mb  as  an  upper  boundary  was  made  because  no  detailed  obser¬ 
vations  of  divergence  were  available  above  the  maximum  altitude  of  the  aircraft 
flights  which  was  around  250  mb.  The  corrected  horizontal  divergences  and 
vertical  motions  for  9  May  and  10  May  are  illustrated  in  Figs.  9a  and  9b, 
respectively.  The  profiles  for  these  two  daytime  missions  are  quite  similar  and 
indicate  that  there  are  two  circulation  cells  in  the  vertical: 

(1)  the  lower,  shallow  cell  has  surface  convergence  in  the  heat  low,  rising 

air  and  divergence  at  850  mb,  and 

(2)  the  upper,  deeper  cell,  starting  with  divergence  at  850  mb,  has  descending 

air  with  weak  convergence  above  this  level. 

On  the  other  hand,  the  corrected  horizontal  divergence  and  vertical  motions  for 
the  nighttime  calculations  (Fig.  9c)  indicate  the  presence  of  one  cell  with 
sinking  air  at  all  levels;  convergence  is  noted  above  550  mb  and  divergence  is 
found  below  550  mb.  The  reversal  in  sign  of  the  low  level  divergence  to  low 
level  convergence  between  night  and  day  is  consistent  with  the  pronounced  heating 
during  the  day.  The  soil  as  well  as  the  air  temperature  exhibits  a  pronounced 
diurnal  cycle  as  does  the  net  radiation.  The  large  change  in  dry  static  stability 
between  night  and  day  also  seem  consistent  with  the  profiles  of  divergence.  A 
more  detailed  examination  of  this  follows  in  the  next  section. 
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6.  Heat  Budget 


The  first  law  of  thermodynamics  is  expressed  by  the  usual  relation 


de 

it 


=  (j->  A 
cp  p 


(in) 


(a  list  of  symbols  appears  in  Table  3);  here  Hj  denotes  the  net  energy  added  per 
unit  mass  per  unit  time  due  to  various  sources,  j.  The  energy  sources  include 
longwave  (j  =  L)  and  shortwave  (j  =  S)  irradiances;  the  latent  heat  release  is 
neglected  over  this  region.  With  the  aid  of  the  continuity  equation,  the 
resultant  thermodynamic  equation  is  averaged  over  the  domain  and  an  equation  for 
the  energy  budget  is  written  as: 


ate]  _ 

IT 

(1) 


[V]  •  [V0*] 

(2) 


[a] 


ate] 

3p 

(3) 


+ 


(V/CP 

v  p 


(4) 


[I  H  .] 
j  J 


-  [v  •  v*0*]  [u*e*] 

(5)  (6) 


(11) 


where  V  =  i  3/3x  +  j  3/3y,  the  brackets  denote  the  average  or  mean  over  the  domain, 
and  the  asterisks  denote  the  deviations  from  the  mean  values.  Term  (2)  denotes 
the  mean  horizontal  advection  of  heat,  and  term  (3)  denotes  the  mean  adiabatic 
heating.  These  two  terms  can  be  calculated  directly  from  the  results  found  in 
Sections  4  and  5.  Term  (4)  the  net  radiative  heating,  is  calculated  from  the 
measurements  made  by  the  Colorado  State  University  team  (Smith,  Ackerman,  rox, 
and  Vonder  Haar,  1980).  As  was  discussed  in  Section  2,  the  flight  time  for  each 
mission  was  chosen  in  an  attempt  to  minimize  the  local  time  rate  of  change  of  mean 
potential  temperature,  i.e.,  term  (1).  The  mean  horizontal  convergence  of  eddy 
heat  flux,  term  (5),  generally  is  considered  to  be  small  compared  to  the  other 
terms  and  will  be  neglected  here.  Finally,  term  (6),  the  sensible  heat  flux  of 
the  vertical  variation  of  the  mean  convective  and  turbulence  heat  flux,  is  calcu¬ 
lated  as  a  residual  in  Eq.  (11),  once  the  other  terms  are  known.  Convection 
is  triggered  in  regions  of  the  atmosphere  which  are  statically  unstable,  over 
regions  with  superadiabatic  lapse  rates.  The  ground  temperature,  measured  between 
longitudes  52°E  and  50°E,  durinq  aircraft  flights  at  about  750  m  above  the  desert 
surface,  was  around  46°C  (319  K)  for  9  May  and  around  50°C  (324  K)  for  10  May. 

As  the  ground  is  much  hotter  than  the  air  above  it,  a  strong  temperature  drop  in 
the  lowest  few  meters  above  the  surface  was  present.  Over  this  region  of  the 
superadiabatic  lapse  rate,  parcels  rise  until  they  reach  an  equilibrium  level  with 
the  same  potential  temperature  which  can  be  as  high  as  600  mb  if  mixing  is  ignored. 


The  flux  measurements  for  the  upward  and  downward  components  of  both  long¬ 
wave  and  shortwave  radiation  for  the  9  May  mission  are  presented  in  Figs.  lOa-d. 
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Similar  displays  for  the  10  May  and  12  May  missions  are  shown  in  Figs,  lla-d  and 
12a-d,  respectively.  The  measurements  shown  here  were  taken  directly  from  the 
onboard  computer  printout  of  experimental  results,  and  have  not  been  corrected 
for  changes  in  the  plane's  pitch  and  roll  (Smith  et  aK ,  1980).  In  particular, 
the  instruments  were  pointed  off  the  vertical  axis  as  the  research  aircraft 
descended  from  one  level  to  the  next  in  the  stairstepping  pattern.  At  each 
level  the  plane  flew  horizontally  for  several  minutes  permitting  the  instruments, 
now  pointed  directly  up  and  down  along  the  vertical  axis,  to  stabilize.  In  order 
to  compensate  for  these  effects,  a  smooth  curve  has  been  fitted  to  the  "stabilized" 
measurements  for  each  of  the  four  components  of  flux,  as  illustrated  in  Figs. 
lOa-d,  lla-d,  and  12a-d.  The  net  radiative  heating  rate,  term  (4)  in  Eq.  (11), 
is  the  sum  of  the  net  longwave  radiative  heating,  T|_,  and  the  net  shortwave 
heating  rates,  T$.  These  two  quantities,  Tl  and  T$,  were  calculated  using 
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where  F  =  flux  (radiant  flux  density),  and  the  subscripts  U  and  D  refer  to  upward 
and  downward,  respectively.  The  flux  values  used  in  Eq.  (13)  are  taken  from  the 
fitted  curves  in  Figs.  lOa-d,  lla-d,  and  12a-d. 


Figs.  lOa-d  and  lla-d  illustrate  the  vertical  distribution  of  the  up  and  down 

radiative  fluxes  during  the  daytime.  About  1150  watts/m2  of  solar  energy  is 

received  at  the  250  mb  level;  this  amount  is  depleted  to  about  900  watts/m2  by 
the  950  mb  level.  Thus,  about  250  watts/m2  of  the  incident  energy  is  absorbed  by 
the  troposphere.  About  375  watts/mz  of  the  incident  solar  radiation  is  reflected 
at  the  earth's  surface  (implying  a  surface  albedo  of  around  40%).  The  upward 
directed  shortwave  irradiance  is  nearly  a  constant  over  most  of  the  troposphere. 
Downward  irradiance  of  longwave  radiation  increases  in  the  troposphere  from  about 
100  watts/m2  (at  the  300  mb  surface)  to  about  400  watts/m2  (at  the  earth's  surface). 

On  the  contrary,  the  upward  directed  longwave  irradiance  is  around  350  watts/m2 

over  most  of  the  troposphere. 

Figs.  12a-d  illustrate  the  vertical  distribution  of  the  up  and  down  radiative 
fluxes  during  the  nighttime.  The  shortwave  radiation  of  270  watts/m2  received  at 
the  250  mb  level  is  only  a  small  fraction  of  that  received  during  the  daytime  and 
it  is  depleted  by  less  than  20  watts/m2  by  the  950  mb  level.  The  upward  directed 
shortwave  radiation  is  nearly  constant  throughout  the  troposphere.  By  contrast 
the  downward  longwave  radiation  increases  from  about  100  watts/m2  at  the  250  mb 
level  to  about  400  watts  at  the  surface,  showing  little  day-night  variation.  The 
upward  directed  longwave  radiation  decreases  from  360  watts/m2  at  the  950  mb 
level  to  310  watts/m2  at  the  250  mb  level. 


During  the  daytime  (around  noon)  the  incoming  radiation  at  the  top  of  the 
atmosphere  (»  1100  watts/m2)  exceeds  the  total  outgoing  radiation  (*  650  watts/m2). 
During  the  pre-sunrise  hours  the  incoming  radiation  (=»  250  watts/m2)  is  less  than 
the  total  outgoing  radiation  (~  400  watts/m2).  It  is  only  when  one  integrates 
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over  the  24  hour  period  that  one  sees  that  the  net  outgoing  exceeds  the  incoming 
radiation. 

The  vertical  distribution  of  the  total  and  the  short  and  longwave  heating 
(or  cooling)  rates  are  shown  in  Figs.  13a -c  for  the  two  daytime  and  nighttime 
observations,  respectively. 

The  low  troposphere,  below  500  mb,  experiences  a  warming  rate  of  about  4°  to 
6°C/day  from  the  shortwave  component  in  this  region.  The  large  heating  rate  is 
evidently  due  to  the  extreme  dryness  and  to  the  presence  of  the  deep  dust  layer. 
The  longwave  component  shows  that  the  cooling  rate  is  also  large,  and  increases 
with  pressure.  At  300  mb  the  cooling  rate  is  2°  to  4°C/Jay  while  at  900  mb  it  is 
around  9°C/day.  The  large  cooling  was  noted  for  both  of  the  daytime  experiments 
(9  and  10  May  1979).  The  large  cooling  near  the  earth's  surface  results  from  the 
sharp  drop  in  humidity  in  the  surface  layer  and  the  very  warm  temperatures.  The 
net  radiation  profile  shows  warming  in  the  middle  and  upper  troposphere.  This 
warming  is  a  consequence  of  the  very  effective  shortwave  warming  of  the  dust 
layer. 

The  nighttime  net  radiative  heating  profile  (shown  in  Fig.  13c)  includes 
shortwave  wanning  during  the  early  morning  hours.  This  wanning  however  is  very 
small  being  of  the  order  of  l°C/day.  These  observations  are  made  around  6  a.m. 
local  time  when  the  ground  temperature  and  the  air  temperature  near  the  ground 
were  close  to  their  minimum  value.  Because  of  the  lower  temperature,  the  longwave 
radiation  and  its  convergence  were  somewhat  smaller  at  this  time.  The  cooling 
rates  in  the  troposphere  below  600  mb  were  of  the  order  of  4°C/day.  The  net 
cooling  was  of  the  order  of  2  to  3°C/day  and  it  affected  mostly  the  atmosphere 
below  600  mb  during  the  nighttime. 


6.1  Thermodynamic  Budget  During  the  Afternoon  Hours 

The  heat  budget  for  the  daytime  observations  is  presented  in  Table  4.  These 
are  averages  for  the  two  days,  9  and  10  May.  The  horizontal  advection  brings 
in  colder  air  into  the  domain  (or  warmer  air  out  of  the  domain)  over  most  of  the 
troposphere.  This  accounts  for  the  cooling  rates  of  the  order  1°  to  2°  in  the 
jinxed  layer,  while  the  strong  cold  advection  is  found  just  above  the  mixed  layer. 
This  cooling  is  consistent  with  the  strong  outflow  in  the  anti  cyclonic  circulation 
above  the  surface  heat  low.  This  outflow  plays  a  key  role  in  the  removal  of  heat 
and  the  maintenance  of  the  mixed  layer  potential  temperature  field.  The  lateral 
energy  import,  which  is  necessary  for  the  maintenance  of  the  stratification,  occurs 
around  300  mb  and  perhaps  also  at  higher  levels  of  the  upper  troposphere.  Here 
warm  advection  contributes  significantly  to  the  thermodynamic  budget.  This 
positive  advection  of  heat  at  the  upper  levels  is  transmitted  down  to  the  lower 
levels  by  downward  motions.  In  the  very  lowest  troposphere  below  900  mb  weak 
advection  (rate  *  0.2°C/dayj  is  noted.  Here  the  low  level  mass  convergence 
brings  in  warm  air  from  the  hot  desert  to  the  south  of  the  domain.  Thus,  in  the 
afternoon  hours  the  important  aspects  of  lateral  advection  are  a  strong  import 
of  heat  in  the  upper  troposphere,  an  export  in  the  lower  troposphere  and  in  the 
mixed  layer  and  a  smaller  import  in  the  lowest  levels. 

The  computation  of  the  horizontal  advection  terms  shown  in  Table  4  (as  well 
as  in  Table  5)  was  not  very  straightforward.  The  mean  horizontal  advection  of 
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heat,  term  (2)  in  Eq.  (11)  for  each  layer,  i,  can  be  calculated  directly  from 
the  wind  (Section  5).  This  term  also  can  be  represented  as: 

[V].  •  [$e*].  =  | [v] I i I [VG*] I i  cos  a.  (14) 

where  cos  a  is  the  angle  between  the  two  vector  components  and  the  vertical  bars 
represent  absolute  magnitude.  This  term  has  been  calculated  for  the  intermediate 
levels,  i  +  1/2,  by  using  a  linear  interpolation  between  layer  i  and  i  +  1  for 
each  of  the  three  quantities  on  the  right  hand  side  in  Eq.  (14).  The  values  for 
term  (2)  are  shown  in  column  2  in  Tables  4  and  5,  while  those  of  the  angle,  a, 
are  in  column  6  and  those  of  the  product  of  the  first  two  terms  on  the  right 
hand  side  in  Eq.  (14),  | Iv]  [VG*] j  ,  are  shown  in  column  7. 

The  role  of  the  vertical  advection  appears  to  be  more  straightforward,  it 
leads  to  a  warming  at  all  levels  in  the  afternoon  hours.  The  large  warming  occurs 
near  the  600  mb  level  where  the  intensity  of  this  warming  is  around  30C/day.  This 
largely  counteracts  the  cooling  from  the  lateral  export  in  the  middle  levels. 

The  net  radiative  convergence  leads  to  a  warming  over  most  of  the  middle 
troposphere  between  800  and  400  mb.  The  warming  rate  is  between  1  to  2°C/day. 

The  largest  warming  occurs  near  600  mb  just  around  the  too  of  the  mixed 
layer  and  may  be  attributed  to  the  shortwave  warming  of  tne  dust  layer  which 
extended  to  about  this  altitude,  as  was  noted  in  the  direct  measurements  from 
the  aircraft.  Radiative  cooling  occurs  in  the  very  lowest  troposphere,  the 
strong  cooling  rate  being  around  5°C/day  at  the  950  mb  level  and  is  related  to 
the  sharp  drop  in  the  humidity  above  this  level.  The  cooling  comes  from  the 
divergence  of  the  longwave  irradiance.  Cooling  is  again  noted  above  400  mb 
where  the  shortwave  absorption  is  smaller.  The  sum  of  the  advective  and  radiative 
changes  is  shown  in  Column  4  of  Table  4. 

The  thermal  imbalance  among  advective  and  radiative  effects  is  large  in  the 
upper  troposnhere.  However,  above  500  mb  there  are  a  number  of  levels  where  a 
is  around  90°  and  | [v]  [VG*] |  is  as  large  as  47  K/day.  For  these  levels  a  small 
change  in  a  can  change  the  value  of  the  mean  horizontal  advection  of  heat  or  even 
alter  its  sign.  The  magnitude  and  direction  of  ^6*  varies,  depending  on  which  of 
the  three  quantities,  x,  y,  or  G,  is  the  dependent  variable  in  the  multiple  linear 
regression  analyses.  The  cases  tested  showed  that  the  anqle  a  can  vary  by  as  much 
as  +  5°  is  x  or  y  is  the  dependent  variable,  rather  than  6.  The  value  of  a  needed 
to  give  a  thermal  balance  is  called  ac  and  is  shown  in  column  8.  If  aq  differs 
from  a  by  less  than  6°,  it  is  reasonable  to  assume  the  radiative  and  advective 
terms  summed  in  column  5  are  in  thermal  balance  as  a  is  uncertain  by  ±  5°. 

Using  this  argument  there  is  a  thermal  balance  from  550  mb  to  400  mb,  but  above 
400  mb  there  is  still  a  thermal  imbalance  with  a  net  heating.  It  is  safe  to 
assume  that  subgrid  scale  heating  by  the  convergence  of  eddy  heat  flux  is  small 
above  the  mixed  layer  (above  650  mb),  thus  this  imbalance  must  largely  reflect  the 
local  change  of  potential  temperature  over  the  upper  troposphere.  For  the  daytime 
flights  we  note  a  large  positive  imbalance  of  the  order  of  4  to  6°C/day  in  this 
region.  This  temperature  change  is  consistent  with  the  observed  temperature 
change  due  to  the  slow  arrival  of  an  upper  trough  and  southwesterly  flows  ahead 
of  it.  The  observed  warm  advection  is  related  to  the  warmer  temperatures  of  this 
southerly  component.  The  imbalances  in  the  heat  budget  over  the  upper  troposphere 
do  not  appear  to  be  central  to  the  maintainance  of  the  heat  low.  Here  the  inter¬ 
esting  region  is  below  650  mb. 
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It  is  reasonable  to  expect  a  balance  by  the  convergence  of  eddy  flux  of  heat 
below  the  top  of  the  mixed  layer.  Thus  the  vertical  profile  of  the  convergence  of 
eddy  flux  requires  a  cooling  at  1000  mb,  warming  between  950  and  850  mb  and 
very  slight  cooling  between  800  and  700  mb.  Tms  is  essentially  consistent  with 

the  idea  of  vertical  mixing  and  dry  convective  adjustment.  However,  it  should  be 

noted  that  the  depth  of  the  surface  layer  with  superadiabatic  lapse  is  extremely 
shallow,  being  of  the  order  of  a  few  hundred  meters;  thus  convective  adjustment 
would  only  require  an  overturning  over  a  much  shallower  layer.  The  present 
calculations  suggest  that  mixing  is  quite  effective  below  800  mb.  Between  800 
and  650  mb  the  magnitude  of  the  eddy  flux  convergence  is  very  small  and  even  its 

sign  may  be  questionable,  since  the  error  in  this  calculation  can  be  as  large  as 

i  0. 5°C/dav. 


6.2  The  Thermodynamic  Budget  During  Night 

The  results  of  these  calculations  are  illustrated  in  Table  5.  The  most 
striking  aspect  of  the  calculations  is  the  essential  reversal  of  the  horizontal 
advection  at  several  levels  between  day  and  night.  At  the  low  levels,  below  800 
mb,  weak  divergence  and  the  nighttime  strong  radiative  contributes  to  a  weak  cold 
advection,  this  implies  that  the  outflowing  air  is  in  fact  colder  than  its  environ¬ 
ment.  This  nocturnal  reversal  of  the  advection  between  the  surface  and  700  mb  is 
consistent  with  the  reversal  of  the  vertical  circulation  cell  between  the  heat-low 
region  and  its  surroundings.  At  the  middle  troposphere  we  noted  sinkinq  motions 
and  horizontal  convergence.  The  converging  air  brings  in  relatively  cold  air  from 
the  surrounding  regions.  At  these  levels  (450  to  550  mb)  the  rate  of  cooling  is 
as  large  as  10°C/day  during  the  nighttime. 

This  large  cooling  is  entirely  offset  by  the  adiabatic  warming  resulting  from 
the  downward  motions.  The  strongest  adiabatic  warming  rate  found  near  500  mb  has 
an  intensity  of  15°C/day.  This  is  much  stronger  than  the  daytime  estimates. 

Radiative  cooling  prevails  at  all  levels  during  the  night.  Its  intensity  lies 
between  1  to  3°C/day  over  most  of  the  troposphere,  cooling  rates  are  largest  in 
the  upper  troposphere  where  magnitudes  between  4  to  8°C/day  are  encountered.  The 
major  difference  in  the  net  radiative  field  between  day  and  night  over  this  region 
is,  of  course,  the  absence  of  the  shortwave  component  which  contributes  very  signi¬ 
ficantly  to  a  net  warming  during  the  daytime  hours.  The  sum  of  the  advective  and 
radiative  effects  are  shown  in  column  4  of  Table  5.  At  all  levels  above  500  mb 
there  is  a  thermal  imbalance  showing  cooling.  As  was  done  in  Section  6.1  the 
quantities  a  and  ac  were  calculated  and  are  shown  in  columns  6  and  8,  respectively. 
Even  if  a  can  vary  by  +  5°,  there  remains  a  thermal  imbalance  among  the  radiative 
and  advective  terms  summed  in  column  4  in  Table  5.  In  the  upoer  troposphere,  near 
300  mb,  a  largecooling  rate  of  the  order  of  70C/day  is  consistent  with  the  synoptic 
scale  cooling  that  was  noted  around  this  time  as  a  cold  trough  approaching  the 
region  from  the  west  on  12  May  1979.  Between  850  and  600  mb  an  essential  balance 
between  the  adiabatic  warming  and  radiative  cooling  exists.  The  region  below 
850  mb  is  of  considerable  interest  during  the  nighttime.  The  aircraft  measurements 
of  soil  temperature  over  the  desert  during  the  nighttime  flight  shows  temperatures 
of  the  order  of  24.6°C,  while  the  air  temperature  at  the  surface  was  close  to  31°C. 
This  implies  a  transfer  of  sensible  heat  from  air  to  the  land  under  a  stable 
surface  layer. 


For  balance,  the  planetary  boundary  layer  experience  a  divergence  of  eddy 
flux  of  heat  near  1000  mb  and  a  convergence  of  flux  above  that  level.  The  heat 
flux  profiles  for  the  day  and  night  observations  are  shown  in  Fig.  14.  Here  the 
surface  values  of  the  fluxes  were  obtained  by  carrying  out  a  surface  heat  budget 
calculation.  The  aircraft  observations  of  the  upward  and  downward  fluxes  and  the 
soil  temperature  measurements  were  used  to  determine  the  heat  flux  at  the  lower 
boundary.  In  the  lowest  kilometer,  the  eddy  flux  of  heat  is  directed  up  during  the 
day  and  downward  during  the  night.  It  has  been  shown  in  Krishnamurti  (1979)  that 
the  stabilizing  of  the  mixed  layer  requires  that  32[a)*6*]/9p2  be  positive.  The 
profiles  of  [w*0*]  shown  in  Fig.  10  are  extremely  interesting  in  this  regard. 

During  the  nighttime  32Iu)*0*]/3p2  <  0  and  contributes  to  a  destabilization  of  the 
mixed  layer.  This  becomes  more  apparent  when  we  note  that  in  its  absence  there  is 
in  fact  a  strong  stabilization  by  the  advective  and  radiative  processes.  It  thus 
seems  that  the  stable  boundary  layer  requires  a  destabilization  by  the  eddy  heat 
flux  convergence  even  though  the  flux  is  directed  downwards.  During  the  daytime 
the  second  derivative  of  the  eddy  heat  flux  (Fig.  14)  appears  quite  small  in  the 
lowest  kilometer.  Between  700  and  925  mb  the  eddy  heat  flux  is  directed  downward 
and  the  profile  contributes  to  a  destabilization.  On  the  other  hand,  radiative 
warming  of  the  dust  layer  and  the  strong  radiative  cooling  of  the  surface  layer  act 
to  stabilize  the  sounding.  Thus,  the  deep-mixed  layer  over  the  desert  has  a  strong 
destabilization  by  the  convective  processes.  The  strong  sensible  heat  flux  at  the 
ground,  ( t-w*0*l )i000>  1S  carried  up  to  about  925  mb  beyond  which  the  eddies  trans¬ 
port  heat  downwards.  One  can  think  of  two  effective  heating  layers,  one  at  the 
ground  and  one  in  the  dust  layer  above  800  mb.  The  region  between  the  ground  and 
800  mb  experiences  warming  from  the  convergence  of  eddy  flux,  while  the  region 
above  800  mb  is  cooled  from  the  divergence  of  eddy  flux  which  is  increasing  down¬ 
wards.  This  role  of  eddy  flux  is  quite  different  from  that  which  one  is  accustomed 
to  in  the  formulation  of  dry  convective  adjustment.  The  apparent  difference  is 
due  to  the  role  of  the  dust  in  the  radiative  heat  balance. 


7.  Concluding  Remarks 

A  unique  set  of  observations  was  provided  by  the  GARP  Monsoon  experiment  for 
studies  of  the  heat  low  over  the  Saudi  Arabian  desert.  The  experiment  provided  a 
dense  network  of  upper  air  observations  (including  measurements  of  temperature, 
humidity,  pressure  and  winds).  In  addition,  the  research  aircraft  Drovided  profiles 
of  short  and  longwave  irradiances,  measurements  of  soil  temperature,  surface  albedo, 
and  aerosol  characteristics,  especially  in  the  dust  layer. 

The  major  findings  of  the  present  study  are: 

•  A  well -mixed  layer  with  near  constancy  of  potential  temperature  and  specific 
humidity  is  found  from  the  surface  up  to  650  mb  during  the  afternoon  hours  over  the 
desert  heat  low.  During  the  nighttime,  strong  surface  cooling  results  in  the 
establishment  of  stable  conditions  from  the  surface  up. 

•  Calculations  of  vertical  motion  and  horizontal  divergence  show  that  down¬ 
ward  motions  prevail  from  about  1  km  through  the  depth  of  the  troposphere  in  the 
afternoon  hours.  Weak  ascending  motions  are  found  in  the  lowest  kilometer.  During 
the  night,  downward  motions  extend  to  the  ground.  Weak  surface  convergence  in  the 
heat  low  is  capped  by  a  region  of  low  level  horizontal  divergence  near  the  850  - 


11 


700  mb  levels.  Another  region  of  convergence  is  found  near  the  upper  troposphere. 
During  the  night,  the  low  level  convergence  in  the  heat  low  is  replaced  by  a  weak 
field  of  horizontal  divergence. 

The  various  terms  of  the  hydrodynamic  budget  were  evaluated  over  the  region 
of  heat  low  and  many  interesting  results  emerged  from  these  balances: 

•  Longwave  radiative  cooling  of  the  order  of  4  to  6°C/day  prevails  through¬ 
out  the  troposphere,  an  exception  being  the  very  warm  surface  layer  during  daytime 
where  exceptionally  large  cooling  occurs  as  a  consequence  of  the  warm  temperature 
and  the  strong  drying  of  the  air  in  the  vertical  direction.  The  surprising 
element  of  the  solar  radiation  measurements  is  the  very  strong  wanning  rates, 
which  during  the  daytime  exceed  the  longwave  cooling  rates  by  a  couple  of  degrees 
over  most  of  the  troposphere.  This  is  attributed  to  the  strong  absorption  of 
shortwave  radiation  in  the  dust  layer  which  extends  to  650  mb.  Thus,  an  important 
element  in  the  thermal  balance  of  the  mixed  layer  is  the  net  radiative  warming, 
which  decreases  with  increasing  pressure  and  contributes  to  stabilization  of  the 
mixed  layer. 

•  Downward  motions  contribute  to  warming  during  daytime  as  well  as  nighttime 
hours.  Largest  descent  occurs  in  the  middle  levels,  thus  it  has  a  role  in 
stabilizing  the  mixed  layer  as  well.  The  stabilization  by  large  scale  divergence 
is  determined  by  a  covariance  of  the  dry  static  stability  and  the  divergence. 

In  the  region  of  the  superadiabatic  lapse  rate  next  to  the  ground  some  convergence 
exists  in  the  daytime;  here  also  the  covariance  contributes  to  stabilization. 

•  The  neutral  lapse  rate  of  the  mixed  layer  during  the  daytime  is  maintained 
by  a  destabilization  from  the  vertical  eddy  heat  flux  convergence.  Its  profile 
has  been  calculated  from  the  thermodynamic  budget  and  has  been  shown  to  destablize 
during  the  day  and  stabilize  during  the  night.  During  the  daytime,  the  warm 
desert  surface  is  a  source  of  heating  for  the  lower  troposphere.  The  sensible 
heat  flux  is  carried  upward  by  the  eddies  in  the  unstable  planetary  boundary  layer. 
The  shortwave  warming  of  the  dust  layer  in  the  upper  part  of  the  mixed  layer  also 
acts  as  another  source  of  heating  over  this  region.  This  results  in  a  downward 
eddy  heat  flux  below  700  mb.  The  presence  of  dust  provides  a  unique  destabilizing 
effect  from  the  convergence  of  eddy  flux,  by  heatina  below  800  mb  and  cooling  above. 

t  A  net  radiative  heat  loss  at  the  top  of  the  atmosphere  during  the  24  hour 
period  over  the  region  of  the  heat  low  requires  that  energy  be  supplied  to  this 
region  for  the  maintenance  of  stratification.  Here  the  thermal  budget  calculations 
provide  an  important  insight.  We  find  that  this  import  of  heat  occurs  in  the  upper 
troposphere  during  both  day  and  night.  This  is  the  region  where  energy  is  imported 
and  transmitted  to  the  lower  levels  via  vertical  advection. 

The  heat  low  is  a  shallow,  cyclonic,  warm  low  pressure  area  in  the  lowest 
kilometer  of  the  atmosphere.  A  strong  anticyclonic  outflow  is  already  evident 
at  850  mb  and  is  fairly  pronounced  at  the  700  mb  level.  An  important  question 
that  is  frequently  asked  is:  "Why  downward  motions  exist  well  above  this  anti¬ 
cyclonic  outflow  layer?"  The  downward  motions  go  in  hand  with  mass  convergence 
and  energy  supply  in  the  upper  troposphere;  they  go  in  hand  with  the  drying  of 
the  troposphere  which  in  turn  provides  the  strong  radiative  forcing.  We  believe 
that  the  downward  motions  are  in  fact  part  of  a  large  scale  vertical  overturning 
which  is  asociated  with  the  Hadley  and  east-west  circulations.  These  circulations 


12 


tend  to  favor  regions  of  the  large  surface  albedo  for  their  descent.  The  desert 
regions  of  the  subtropics  provide  such  a  lower  boundary.  Evidence  for  the  large 
scale  extent  of  the  upper  circulations  may  be  seen  in  the  divergent  wind  for  the 
9,  10,  11,  and  12  May  1979.  This  average  circulation  is  shown  in  Fig.  15  whi:h 
shows  the  lateral  coupling  between  the  ascending  motions  over  the  convective 
region  of  the  monsoons  and  the  desert  area  of  Saudi  Arabia  where  the  descending 
motions  of  the  east-west  overturning  are  occurring. 

Numerical  simulation  of  the  detailed  kinematic  and  thermodynamic  structure  of 
the  heat  low  is  an  important  unsolved  problem.  A  small  computational  domain 
enclosing  the  high  surface  albedo  region  may  not  be  adequate  for  such  a  modeling 
effort,  since  the  supply  of  energy  in  the  upper  troposphere  and  the  descending 
motion  over  the  deep  troposphere  have  to  be  modeled.  This  may  require  a  large 
domain  that  includes  the  region  of  the  compensating  upward  motion  which  may  be 
the  intertropical  convergence  zone  many  thousands  of  miles  away. 
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Table  1 


MONEX 

NASA 

CV990 

TIROS 


LIST  OF  ACRONYMS 


MONsoon  Experiment 

National  Aeronautics  and  Space  Administration 
CONVAIR  990  (4  engine  jet) 

Television  Infra-Red  Observation  Satellite 
Global  Atmospheric  Research  Programme 


GARP 


Table  2.  NUMBER  OF  WIND  OBSERVATIONS  IN  EACH  LAYER 
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(May  9) 

Day 

(May  10) 

Day  (Niqht) 
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34 

48 

30  (5) 

300-400 

55 

57 
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49 
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45 

43 
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35 

28  (12) 
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40 

20  (15) 

Note:  Nighttime  only  observations  are  shown  within  parentheses. 
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Figure  2.  Surface  analysis  over  Saudi  Arabia  for  9,  10,  and  12  May  1979,  00Z 
respectively.  Isopleths  show  a  level  pressure  (departure  from  1000  mb). 
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illustrates  the  diurnal  variation. 


POTENTIAL  TEMPERATURE  (K) 


Figure  4.  Mean  vertical  potential  temperate  profile  for  the  three  missions  on 
9,  10,  and  12  May.  Also  shown  here  is  poten'al  temperature  profile  of  the  U  S 
Standard  Atmosphere  at  15°N. 
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Figure  6  (a-d).  Mean  direction  and  speed  of  the  horizontal  winds  at  various 
altitudes  for  various  locations  over  Saudi  Arabia  for  9  May  1979.  Pressure  levels 
are  indicated  at  the  top  of  the  panels. 


Figure  7  (a-d).  Mean  direction  and  speed  of  the  horizontal  winds  at  various 
altitudes  for  various  locations  over  Saudi  Arabia  for  10  May  1979.  Pressure  levels 
are  indicated  at  the  top  of  the  panels. 


Figure  7  (e-h).  Mean  direction  and  speed  of  the  horizontal  winds  at  various 
altitudes  for  various  locations  over  Saudi  Arabia  for  10  May  1979.  Pressure  levels 
are  indicated  at  the  top  of  the  panels. 


Figure  8  (e-h).  Mean  direction  and  speed  of  the  horizontal  winds  at  various 
altitudes  for  various  locations  over  Saudi  Arabia  for  12  May  1979.  Pressure  levels 
are  indicated  at  the  top  of  the  panels. 


Figure  10  (a,b).  Upward  and  downward  shortwave  irradiance  measurements  on  9  May  plotted  as  a  function  of 
pressure.  Units  in  watts/m2. 
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Figure  10  (c,d).  Upward  and  downward  longwave  ir radiance  measurements  on  9  May  plotted  as  a  function  of 
pressure.  Units  in  watts /m^. 
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Figure  11  (c,d).  Upward  and  downward  longwave  irradiance  measurements  on  10  May  plotted  as  a  function  of 
pressure.  Units  in  watts/m2. 


Figure  12  (c,d).  Upward  and  downward  longwave  irradiance  measurements  on  12  May  plotted  as  a  function  of 
pressure.  Units  in  watts/m2. 
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Figure  13  (a).  Vertical  distribute  n  of  the  total  heating  (cooling)  rates  of  the  short 
and  longwave  radiations  on  9  May  1979 
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Figure  13  (b).  Vertical  distribution  of  the  total  heating  (cooling)  rates  of  the  short 
g  and  longwave  radiations  on  10  May  1979 
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